We report on the development of commercially fabricated multi-chroic antenna coupled Transition Edge Sensor (TES) bolometer arrays for Cosmic Microwave Background (CMB) polarimetry experiments. The orders of magnitude increase in detector count for next-generation CMB experiments requires a new approach in detector wafer production to increase fabrication throughput.
INTRODUCTION
Over the past two decades, teams from around the world have made increasingly sensitive measurements of the Cosmic Microwave Background (CMB) using telescopes on the ground, balloons and satellites. The CMB's uniformity has confirmed the hot big bang model of the universe, and detailed measurements of its small (10 −5 ) non-uniformity have led to tight constraints on the composition, geometry, and evolution of the universe. The CMB is also weakly polarized through Thomson scattering by free electrons, and this polarization provides access to information that is inaccessible from the temperature anisotropy data [1] .
To access the wealth of information encoded in the CMB polarization, scientists have deployed experiments designed to characterize the polarization state of the CMB with unprecedented sensitivity. Transition Edge Sensor (TES) bolometer detectors for CMB experiments have reached photon-noise limited performance. Therefore, the overall sensitivity is increased by scaling up the number of detectors. Deployed CMB polarization experiments are grouped in stages: Stage-2 experiments deployed in the early 2010's with O(1,000) detectors and have successfully detected B-mode polarization in the CMB that arises from weak gravitational lensing of E-mode polarization; Stage-3 experiments deployed in the late 2010's with O(10,000) detectors.
Next-generation CMB polarization experiments are in the construction and conceptual study phase. The Simons Observatory experiment will deploy in the Atacama desert in Chile in 2020 with ≈80,000 detectors distributed between one large aperture (6 meter primary mirror) telescope and three small aperture (≈ 0.5 meter) telescopes. At the same time, a Stage-4 ground based CMB experiment, CMB-S4, is being planned to make a definitive measurement of CMB polarization from the ground. A reference design for this next generation CMB experiment, has been studied by the CMB communities [2, 3, 4] , calls for ≈500,000 detectors spread across 20 GHz to 300 GHz on three large aperture (6 meter) telescopes and 18 small aperture (≈ 0.5 meter) telescopes deployed at Chile and South Pole sites. The CMB-S4 Science Case, Reference Design, and Project Plan predict that this next generation CMB experiment configuration will be able to measure r ≤ 0.001 at 95% c.l., ∆N e f f < 0.06 at 95% c.l., and produce a mm-wave legacy survey that will advance our understanding of galaxy clusters, gamma-ray bursts, and much more.
The CMB-S4 Science Case, Reference Design, and Project Plan also reported that it will require 432 science grade detector wafers fabricated over three years. This requirement is approximately an order of magnitude more detector wafers than that required for all Stage-3 experiments combined. As such, microfabrication, assembly, and testing of detector modules for CMB-S4 will be an immense task. In order to tackle the production throughput challenge for next-generation CMB experiments, we collaboratedwith commercial microfabrication foundries, SeeQC, Inc. * and STAR Cryoelectronics Inc., to utilize their industrial scale production throughput.
We initiated a technology transfer with SeeQC, Inc. and STAR Cryoelectronics Inc. in late 2015, leading to the successful fabrication of an operational dual-polarization, dichroic sinuous antenna-coupled TES detector array on a 150 mm diameter wafer at both foundaries. The performance of these earlier prototypes was reported in Suzuki et al. [5] . In this report, we discuss subsequent progress made with SeeQC, Inc., highlights of which include:
• Transfer of all fabrication steps to SeeQC, Inc.,
• Demonstration of detector designs that achieve detector performance suitable for ground based CMB experiments
• Optimization of the silicon nitride film to improve optical efficiency We discuss the motivation, design considerations, fabrication processes, test results, and how industrial detector fabrication could be a path to fabricate hundreds of detector wafers for future CMB polarimetry experiments.
DESIGN AND FABRICATION
The detector design was based on a sinuous antenna-coupled TES bolometer array fabricated for POLARBEAR/Simons Array and Simons Observatory [6, 7] . The detectors are fabricated on 150 mm silicon wafers that have low stress silicon nitride films pre-deposited by a commercial vendor. Next, a Nb/SiN/Nb trilayer is deposited with DC magnetron putter and plasma enhanced chemical vapor deposition processes. Films were etched with reactive ion plasma to form RF and bias circuits for the TES bolometers. Titanium and palladium films, used to form RF resistors and heat reservoirs for the TES bolometers, respectively, are deposited with e-beam evaporation and patterned using a lift-off process. Manganese doped aluminum (AlMn) is sputtered, then patterned with ion-milling to form the TES sensor, which is then passivated with a silicon nitride film to protect it from chemicals such as the photo-resist developer. For the bolometer release process, the low stress nitride is first etched to expose the underlying silicon, which is then isotropically etched by xenon-fluoride (XeF 2 ) gas in order to release the TES bolometer and its low stress nitride support from the substrate. Finally, the remaining photoresist is removed with an oxygen plasma. After fabrication, the Wafers are inspected and packaged for further cryogenic characterization.
In the previous report, two processes, deposition of AlMn film and XeF 2 release, were done at U.C. Berkeley's Marvell NanoLab [5] . Since then, SeeQC, Inc. procured, installed and tested AlMn targets with three different doping levels (1000 ppm, 2100 ppm and 2500 ppm) at various annealing temperatures, from 160 to 260 degrees Celsius [8] . The target critical temperatures were 165 mK and ≈500 mK, which were achieved by heating the 2500 ppm target to 215 degrees Celsius and the 2100 ppm target to 200 degrees Celsius, respectively. SeeQC also procured, installed and commissioned a XeF2 * SeeQC, Inc. spun off from Hypres, Inc. in 2019 machine. These additions to SeeQC's fabrication line enable them to perform all fabrication steps for CMB detector wafers at their foundry, greatly streamlining the fabrication process. The devices fabricated for this report were fabricated end-to-end at SeeQC using the newly acquired AlMn targets and XeF 2 machine. We designed and fabricated test chips, each with several different detector designs to quickly collect data on how de-tector performance varies as a function of design parameters as shown in Figure 1 . As an example, the test chip shown in Figure 1 has TES bolometers with various thermal link lengths from 20 microns to 2000 microns. The Tests were performed in a dilution refrigerator cryostat using time-domain multiplexing readout. Measurements of various TES bolometers properties are shown in Figure 2 . Superconducting transition temperature (Tc) of Aluminum-Manganese (2500 ppm manganese) film deposited with DC magnetron sputter and annealed to 215 C exibit Tc of 165 mK that meet CMB-S4 target. When we connect AlMn film to Niobium leads, we noticed shifts in Tcs as a function of gap between two niobium leads. This is expected behavior as niobium has high Tc (approximately 9 Kelvin), therefore Tc of AlMn is modified by proximity effect. We also explored how resistance of AlMn TES sensor changed as a function of dimensions. Resistance scaled linearly as a functino of number of squares as expected.
DETECTOR PERFORMANCE
There are three multiplexing readout technologies used by mm (CMB) and sub-mm (IR) wave experiments: frequency multiplexing (fmux), time domain multiplexing (tmux), and microwave-SQUID multiplexing (µmux). The impedance of the TES sensors used are two orders of magnitude different between fmux (R n = 0.7Ω) and tmux/µmux (R n = 0.008Ω). To match to the different readouts, We fabricated TES bolometers with different designs as shown in Figure 1 . Simply changing lateral dimensions was not enough to vary resistances by two orders of magnitude. Therefore, we also changed the thickness of AlMn films by a factor of ten between wafers fabricated for fmux readout and wafers fabricated for tmux/µmux readouts. We successfully fabricated both types of wafers, and detectors were read out by the corresponding fmux, tmux and µmux readout electronics successfully. Tests showed expected bias voltage to readout current relationship as shown in Figure 2 (tmux example shown).
Varying thermal conductance of thermal weak links exhibit the expected inverse length relationship with saturation powers as shown in Figure 2 . A plot in the Figure 2 shows saturation powers from different wafers. Measurements were repeatable for both different chips from same wafers and different chips from different wafers. Our designs covered saturation powers from 0.5 pW to 5.5 pW with a base temperature of 100 mK and a superconducting transition temperature of 165 mK for the TES sensors. This range is a suitable for low (30/40 GHz) and mid (90/150 GHz) frequency detectors for ground based CMB experiments. We also measured time constant of a bolometer at various bath temperature by looking at time response of TES bolometer to small change in electrical bias power. In the Figure 2 , we highlighted measurement done at 100 mK. Our bolometer had response speed of 40 Hz to 100 Hz. Detector sped up as TES sensor is dropped into superconducting transition as expected. We deposited palladium thickness of 1 micron as a thermal anchor during fabrication of the TES bolometer. Thickness of palladium can be adjusted to speed up/down TES sensors.
These tests demonstrate that SeeQC, Inc. is capable of fabricating detectors for all readout types used by CMB experiments. We have also fabricated optical test pixels as shown in Figure 1 to optimize the RF performance of the detectors. While we have fabricated low (30/40 GHz), mid (90/150 GHz), and high (220/280 GHz) dual frequency band detectors, we have so far focused on mid-frequency detectors for characterization.
Characterization of detectors at cryogenic temperature was conducted in an eight-inch Infrared Labs wet dewar with a Helium-3 adsorption fridge that achieves 250-mK base temperatures. A brief description of the optical test setup is given here. A detailed description can be found elsewhere [9] . We mounted the detector chip on an anti-reflection coated synthesized elliptical alumina lens. The dewar is equipped with Quantum Design DC SQUID readout electronics. Voltage biases to TES bolometers were provided by a battery at room temperature connected to a 20 milli-Ohm shunt resistor mounted on the 4 Kelvin stage. The dewar has a zotefoam optical window with metal mesh low pass filters provided by Cardiff university. A Michelson Fourier transform spectrometer with a 254 micron thick mylar beam splitter was used to characterize the spectral response. The beam performance was characterized by scanning a 12.7 mm diameter temperature modulated source in front of the dewar window on a 2-D linear actuated stage. Polarization response was characterized by rotating a wire grid in front of the temperature modulated source located at the peak of the antenna angular response.
Test results are shown in Figure 3 . Spectral measurements show that the signal from the broadband sinuous antenna is split into 90 GHz and 150 GHz frequency bands. In addition, spectra measurements matched well between the two orthogonal polarization channels. However, band passes were shifted down in frequency relative to the design. This shift is due to the fact that during design, we used an assumed value for the at the time unknown dielectric constant of the silicon nitride film. We have since calculated the dielectric constant information for SeeQC's silicon nitride from the band pass measurements and updated our design accordingly. Detectors with the updated design are already fabricated and ready for testing. Beam measurements show round beams for both the 90 GHz and 150 GHz bands: ellipticity, defined as the difference in beam widths, defined as an angular width at 1/e point, divided by their sum, were 3 ± 1% and 2 ± 1% for 90 GHz and 150 GHz, respectively. Finally, polarization leakage was 2% and 2% for 90 GHz and 150 GHz, respectively.
We developed a silicon-rich silicon nitride film to achieve high RF transmission efficiency between the antenna and detector. To fabricate detectors, we used silicon nitride with a dielectric constant as high as 8. We measured end-to-end (outside of cryostat to TES bolometer) optical efficiency of ≈70% for 90 GHz band and ≈50% for 150 GHz. Encouraged by the test pixel results, we decided to fabricate a detector array. The detector array design was based on the Simons Observatory experiment's mid-frequency detector. The fabrication steps for the detector array is identical to that of the test pixels. We successfully fabricated a detector array on the first try as shown in Figure 4 .
DETECTOR ARRAY FABRICATION
We then fabricated ten wafers in a batch to demonstrate throughput at SeeQC, Inc. We calculated that fabrication of 10 wafers in 15 working days is the fabrication pace required to meet the demand of CMB-S4. To maximize production throughput, we grouped the ten wafers into five groups of two wafers, then staggered fabrication of the five groups by separating them by a day each. All ten wafers were delivered successfully in 15 working days, including time for making monitoring samples, metrology, and documentation. Thus, we achieved our production throughput.
During the batch fabrication, we identified a bottleneck in the process: the e-beam evaporation step took three times longer than the average of the other steps because the machine could only process one wafer at a time. In the future, we will move this step to a high-throughput e-beam evaporator at SeeQC, Inc. that can process nine wafers at a time in order to remove this bottleneck and fabricate even faster.
Wafers were characterized at room temperature, using a programmable probe station to automatically probe through ≈2000 TES bolometers on a detector wafer as shown in Figure 4 . The average DC probe yield from ten wafers was 95%. Figure 5 . Photograph of automated programmable probe station at SeeQC Inc. Example of yield color map is shown. Yellow pixels have all sensors in a pixel working. Purple pixels show all sensors are not working. We noticed that same pixels were highlighted as purple across all wafers. This allowed us to track down yield hit to probing programming error.
